Hydroxyl tagging velocimetry (HTV) measurements of velocity were made in a Mach 2 ͑M 2) flow with a wall cavity. In the HTV method, ArF excimer laser ͑193 nm͒ beams pass through a humid gas and dissociate H 2 O into H ϩ OH to form a tagging grid of OH molecules. In this study, a 7 ϫ 7 grid of hydroxyl (OH) molecules is tracked by planar laser-induced fluorescence. The grid motion over a fixed time delay yields about 50 velocity vectors of the two-dimensional flow in the plane of the laser sheets. Velocity precision is limited by the error in finding the crossing location of the OH lines written by the excimer tag laser. With a signal-to-noise ratio of about 10 for the OH lines, the determination of the crossing location is expected to be accurate within Ϯ0.1 pixels. Velocity precision within the freestream, where the turbulence is low, is consistent with this error. Instantaneous, single-shot measurements of twodimensional flow patterns were made in the nonreacting M 2 flow with a wall cavity under low-and high-pressure conditions. The single-shot profiles were analyzed to yield mean and rms velocity profiles in the M 2 nonreacting flow.
Introduction
Nonintrusive measurements of velocity are needed in supersonic flows, where probes easily produce flow disturbances. Nonintrusive gas-phase velocity measurements are normally made with laser scattering from particles that naturally exist in the flow or are added to the flow. Particle-based velocity methods include techniques such as laser Doppler velocimetry, particle image velocimetry, planar Doppler velocimetry, and phase Doppler anemometry. 1, 2 In supersonic flows the particle velocity often differs from the actual gas velocity because of particle drag and a slow response to velocity gradients. 3 Also, in confined flows the particles can coat the windows, leading to limited test times or even window abrasion. 4 Unlike particle-based methods, laser-based molecular velocity methods directly measure the gas velocity. In Doppler-shift methods, the small Doppler shift is measured and related to the velocity. These methods are more accurate at higher velocities, as the Doppler shift is larger and more easily measured, but they often yield only average flow velocities owing to a lack of signal strength. Many of these Doppler-based molecular velocity methods are based on laser-induced fluorescence of molecules (or atoms) that are added to the flows such as copper, 5 hydroxyl, 6, 7 nitric oxide, 8 sodium, 9 and iodine. 10 The addition of such species is often impractical in test facilities. Also, in Dopplershift methods the optical geometry of the laser and the observer define the velocity component that is measured, and this feature can be limiting. 11 Other Doppler-shift velocity methods are based on Rayleigh scattering from the gas molecules, 12, 13 but Rayleigh scattering signals are weak and are difficult to obtain in confined facilities because of interference from laser scattering from the walls and particles in the flow. 11 Molecular tagging methods yield the gas velocity by time of flight; the molecules in the gas flow are tagged or marked with a laser, and the movement of the tag gives the velocity. Once a laser line or grid is tagged, the grid will move with the flow. The movement of the tagged regions is imaged by a method dictated by the photochemistry of the tagged molecules (laser-induced fluorescence in the case of hydroxyl tagging velocimetry, HTV). The displacement of the tagged grid over a fixed time period yields the velocity.
Many molecular tagging methods use a gas seed. A gas molecule (or atom) is added to the flow and the molecule is tagged with a laser beam (e.g., electronically excited, photodissociated, or vibrationally excited). In gas-seeded methods, the flow is seeded with molecules (or atoms) such as acetone, 14 biacetyl, 15, 16 nitric oxide, 11, 17 nitrogen dioxide, 18 sodium, 19 strontium 20 or tert-butyl nitrate. 21 For test facility flows, the addition of these atomic or molecular seeds is often undesirable for to a variety of reasons (seed toxicity, expense, etc.).
There are unseeded tagging methods in which gas tags are produced from molecules naturally occurring in air (i.e., nitrogen, oxygen, water vapor). Examples of molecular tags produced from air are N 2 ϩ ion, 22 ozone, [23] [24] [25] hydroxyl, [25] [26] [27] [28] [29] [30] nitric oxide, [31] [32] [33] and vibrationally excited oxygen. 13, 34 Many of the methods use nonlinear laser excitation 13, 22, 26, [31] [32] [33] [34] to produce these tags from air, and the tag is produced only in a small region near the laser focus. In the present work, HTV is used, which is a linear method. 28 -30 An ArF laser at 193 nm photodissociates water in a single-photon process to produce OH in a grid. The OH grid moves for a known period of time, and the position of the grid is recorded with laser-induced fluorescence of OH.
Accurate nonintrusive velocity data are limited in high-speed, compressible flows, in part because of biasing effects when conventional particle-based laser velocity methods are applied. 3 Nonintrusive ve- locity data are needed in flows relevant to scramjet combustion, and molecular-based methods such as HTV avoid the problems associated with particlebased methods. In scramjets, wall cavities are commonly used to stabilize combustion with minimal pressure drag. 35 An optically accessible supersonic flow facility has been developed to study cavitystabilized supersonic reacting flows, and to compare the results with advanced computational fluid dynamics models. 36 -38 In this work the HTV method is applied to a Mach 2 ͑M 2) flow with a wall cavity to obtain instantaneous two-dimensional velocity images, mean velocity profiles, and rms velocity profiles. Velocity measurements are made by using HTV in the freestream (over the cavity) and within the cavity of the M 2 cavity-piloted combustor.
Experimental System
The experiments were conducted at the supersonic flow facility in Research Cell 19 at the Air Force Research Laboratory, Propulsion Directorate at Wright-Patterson Air Force Base. The tunnel has a two-dimensional M 2 nozzle. The air flow rate was about 1.4 kg͞s. A schematic of the test configuration is shown in Fig. 1 . Fused-silica windows (Suprasil, with good transmission at 193 nm) form the side walls of the tunnel. The tunnel has a constant-area isolator section upstream of the cavity with a cross section of 51 mm high by 153 mm wide; downstream of the isolator, the bottom wall diverges at an angle of 2.5°. A cavity to provide a flame pilot forms the bottom surface of the tunnel, as shown in Fig. 1 . The cavity is 17 mm deep and 66 mm long. A shear layer forms at the edge of the first step in the cavity, and the recirculation zone is produced by the cavity.
A schematic of the HTV system is shown in Fig. 2 . A Lambda Physik Compex 150T ArF excimer laser was used to produce a 193 nm laser beam. The ArF excimer laser beam (20 mm high by 10 mm wide, 115 mJ͞pulse, broadband, 1 nm bandwidth) was split into two beams by a beam splitter. Each of the laser beams was sent through grid-forming optics that produce two sets of seven beams each. The grid optics consist of two major components placed very close together: a 300 mm focal length cylindrical lens ͑25 mm ϫ 40 mm͒ and a stack of 300 mm cylindrical lenses ͑20 mm wide by 3 mm high͒. The beam diameter was about 0.3 mm in the measurement zone. The sets of beams produce 49 crossing points in the measurement zone. The energies for the two sets of beams before transmission into the tunnel were measured at 20 mJ on the 2.3 m beam path (left grid) and 10 mJ on the 3.0 m beam path (right grid). With the ArF excimer laser operating broadband instead of narrowband, much of the beam was absorbed by O 2 (about 85%) before the beams crossed in the measurement zone: in principle, the laser can be tuned to avoid O 2 transitions, thereby improving beam transmission to the tunnel. This increase in energy can improve grid imaging and improve the postprocessing by increasing the signal-to-noise ratio.
The 7 ϫ 7 grid of ArF-generated lines of OH was imaged by laser-induced fluorescence of OH by using the
⌸ i ͑vЉ ϭ 0͒ band at 282 nm. A Spectra Physics Model GRC 170 Nd:YAG laser (injection seeded) pumped a Lumonics HD-300 Hyperdye dye laser. The output of the dye laser was doubled by an Inrad Autotracker II to produce about 20 mJ͞pulse of 282 nm laser radiation. A small portion of the 282 nm beam was split off and directed over a small flame and then to a photodiode. Signals from the photodiode and a photomultiplier tube-recording the OH laser-induced Fig. 3 . Experimental and simulated excitation scans (relative to the Q 1 (1) signal) across OH A-X(1, 0) transitions. Broadening of the simulated spectrum (temperature T ϭ 295 K, LIFbase version 2) was adjusted to match the experimental spectrum approximately; peak heights of the experimental and simulated Q 1 (1) ϩ R 2 (3) line were also matched. The experimental spectrum was derived from a sequence of 600 images, each image being the sum of 5 exposures of the grid at ϳ295 K and 745 Torr. fluorescence from the flame-were displayed on an oscilloscope to ensure proper operation of the dye laser and good overlap with the OH transition. Timing of the lasers and camera was accomplished with a Quantum Composer (model 9318E) pulse generator. Random (shot-to-shot) timing error between the lasers was about Ϯ20 ns, or about Ϯ1% of the typical 2 s timing separation. The OH-probe laser beam was expanded by a negative cylindrical lens ͑focal length Ϫ150 mm͒ and focused by a 1000 mm focal length spherical lens to form a sheet. To improve the signal strength, the laser sheet was retroreflected through the tunnel, with a delay of about 5 ns. Both this sheet and the 193 nm grid were rotated to be parallel to the tunnel bottom floor (2.5°off the horizontal plane).
Fluorescence from the created OH was recorded with a PIMAX Superblue intensified CCD camera, which was fitted with a 45-mm f͞1.8 UV lens (Cerco).
Schott glass filters (WG-295 or 305 and UG-11) were employed to block background scattering and fluorescence (from tunnel surfaces). Typically, the 512 ϫ 512 pixel array of the PIMAX camera was binned 2 ϫ 2 to improve the signal strength. The field of view was 40 mm square, and the camera looked down on the cavity through the tunnel top window (also made of Suprasil). Each 2 ϫ 2 binned pixel imaged a 156 m ϫ 156 m region of the flow field. The region probed was roughly in the spanwise center of the flow field and over or within the cavity, as noted above.
Focusing optics (for both laser systems) and the ICCD camera were mounted on a three-dimensional traversing table located beneath the tunnel; the la- sers, however, were not mounted on this table. The optics between the lasers and traversing table were thus arranged to allow the laser grid and sheet height location to be varied and thus the shear layer and cavity to be probed.
With stagnant room air in the tunnel at ambient pressure, the ArF excimer laser was pulsed to create the OH grid that was subsequently excited by the OH-probe laser sheet after a short delay ͑ϳ0.2 s͒. The laser-induced fluorescence (LIF) signal was recorded by the ICCD camera, and the OH probe laser wavelength was scanned over about 0.7 nm. The resultant laser excitation scan is shown in Fig. 3 . The measured spectrum was compared with a simulated spectrum calculated by LIFbase 39 (version 2). The measured and calculated line positions match very well. At room temperature ͑295 K͒ the strongest line is the combined Q 1 ͑1͒ ϩ R 2 ͑3͒ peak in the OH A-X͑1, 0͒ band. Thus the OH probe laser was tuned to this line for a maximum signal. It is worth noting that transition saturation effects distort the spectrum, thus preventing the spectrum from being adequately fitted by simulated spectra.
Results
HTV measurements were made in air with no fuel addition. The conditions for the nonreacting flow are given in Table 1 . Test A is the low-backpressure condition, where the backpressure valve downstream of the test section is fully open. Test B is the high- backpressure condition, where the backpressure valve is 64% closed. The high-backpressure condition simulates the pressure rise from main-duct combustion. Under low-backpressure conditions the tunnel flow above the cavity is largely free of shock waves. A shadowgraph single-shot image (200 s exposure) of the M 2, nonreacting flow under low-backpressure conditions is shown in Fig. 4 . 40 Under highbackpressure conditions strong shocks appear above the cavity, causing the shear layer to be deflected upward (see Fig. 2 
of Ref. 38).
Since the tunnel air was dried, water was sprayed into the stagnation chamber to provide moist air and adequate OH planar laser-induced fluorescence signal levels. Sufficient water was added to increase the relative humidity at M 2 isentropic conditions to about 32% ͑P ϭ 22 kPa, T ϭ 290 K͒. HTV measurements were made in the spanwise direction in the tunnel. The position of the measured OH grids with regard to the cavity walls is shown in Fig. 5 . Examples of two-dimensional instantaneous velocity images from the HTV method are shown in Figs. 6, 7, and 8. Figure 6 is an example of an undelayed averaged HTV image used as the reference for the displaced grid patterns. The velocity vectors in Figs. 7 and 8 are shown on top of the displaced HTV grid pattern. The displacement of each grid intersection is determined by a direct digital spatial correlation technique by using an in-house code. 41 A small region surrounding a grid intersection in the undelayed image, referred to as the source window, is spatially correlated with a larger roam window in the delayed image. The location of the peak of the correlation coefficient is identified as the displacement vector, which after division by the time delay between the two images provides the estimate of the spatial average of the velocity within the source window. Subpixel accuracy is achieved by using a multidimensional polynomial fit to the region near the correlation peak. The details of this procedure and its performance are described by Gendrich and Koochesfahani. 41 In this work the time delay is either 2 or 3 s. For the low-backpressure condition a delay of 2 s was used for y ϭ 15.65 mm to y ϭ 0.41 mm, while a 3 s delay was used for y ϭ Ϫ2.13 mm to y ϭ Ϫ12.3 mm. For the high-backpressure condition a delay of 2 s was used for y ϭ 15.65 mm to y ϭ Ϫ2.13 mm, and a delay of 3 s was used for y ϭ Ϫ4.67 mm to y ϭ Ϫ12.3 mm. The HTV data is obtained originally on an irregularly spaced measurement grid. To take advantage of standard data display and processing techniques, the MTV data is remapped onto a grid with uniform spacing. The remapping is done by using a local leastsquares fit to a two-dimensional second-order polynomial. The irregular grid and regular grid spacing applied to the HTV measurements are shown in Figs. 7 and 8. The irregular grid pattern shown on the left is fitted by this procedure onto the regular grid shown on the right. The details of the procedure and its performance characteristics are given by Cohn and Koochesfahani. 42 In the freestream above the cavity shown in Fig. 7 , the velocity pattern is very uniform with a value of about 680 m͞s (note the reference vector of 700 m͞s). The higher velocity (higher than expected for the M 2 nozzle) arises from the divergence of the bottom wall. In the cavity the flow reverses, and the velocity pattern is much more variable, as is seen in Fig. 8 . The velocities in the cavity are reversed with a negative velocity of up to about 200 m͞s (note reference vector of 200 m͞s).
The average signal-to-noise ratio of the single-shot images is about 7-13. With a crossing angle of about 150°, the center of the line crossings can be determined within 0.1 pixels or a displacement uncertainty of Ϯ16 m according to previous calculations (see Fig. 5 of Ref. 41) . Thus the uncertainty of the velocity measurement due to the crossing-point determination is about 8 m͞s for a 2 s delay or 5 m͞s for a 3 s delay. Thus with this technique one can achieve comparable relative uncertainty-about Ϯ1% for the full-scale displacement-to that with the particle image velocimetry technique (which is limited in a similar fashion by correlation peak-finding uncertainty).
The instantaneous velocity images were analyzed to obtain mean and rms velocity profiles at the locations shown in Fig. 9 . The mean velocity profiles at various streamwise ͑x axis͒ locations for the low-backpressure case are shown in Fig. 10 . Each data point is an average of 100 instantaneous values obtained from the images. Streamwise profiles are shown near the centerline of the tunnel from the freestream to down in the cavity. The average velocities above the cavity are about 680 m͞s and decrease in the shear layer and become negative (about Ϫ60 m͞s) in the cavity. The shear layer profile appears typical of flows formed behind a rearward-facing step. 43 The shear layer width grows with downstream distance, as expected.
The rms velocities for the low-backpressure case are shown in Fig. 11 . The rms values in the freestream are as low as 15 m͞s, or about 2.2%. This rms value is due to a combination of freestream turbulence and measurement precision. Recall that the timing error is about Ϯ1% of the typical 2 s delay and the distance error is about 16 m, equaling 8 m͞s or about 1.2%; of course, the timing error could be largely eliminated by recording the timing for each image with a photodiode. The rms values increase in the shear layer and decrease slightly in the cavity, similar to what is observed in the flow behind a rearward-facing step. 43 The mean and rms values for the high-backpressure case are shown in Figs. 12 and 13. The profiles are drastically changed from the low-backpressure case. Shock waves observed previously 38 greatly modify the mean and rms values of the velocity. These profiles do not correspond to those seen in subsonic flows behind a rearward-facing step. 43 In this unsteady compressible flow with shocks, the shear layer is deflected upward. 38 This results in a mean velocity profile that appears almost linear above the cavity. The rms values are highest above the cavity, where shocks have been previously observed (see Fig. 2 
Mean and rms velocity profiles at various spanwise ͑z axis͒ locations (see Fig. 14) for the low- backpressure case are shown in Figs. 15 and 16 . The x component (streamwise) of the velocity is uniform in the spanwise direction with vertical location from the freestream to the shear layer as seen in Fig. 15 . However, at about y ϭ Ϫ5 mm the velocity field becomes less uniform in the spanwise direction with the rms velocity rising to almost 200 m͞s before the flow regains spanwise uniformity at the bottom of the cavity ͑y ϭ Ϫ13 mm͒. As shown in Figs. 8 and 15 , the greatest recirculation occurs around the center of the grid ͑z ϭ Ϫ4.1 mm͒ and decreases away from the centerline.
Conclusions
Nonintrusive measurements of velocity were obtained in a M 2 flow with a wall cavity by using hydroxyl tagging velocimetry ͑HTV͒ under low-and high-backpressure conditions. Instantaneous twodimensional images were obtained in the freestream and the cavity. The instantaneous planar measurements were analyzed to determine the mean and rms velocities in the streamwise direction. The rms values of the velocities in the freestream of the M 2 flow are low, consistent with the expected low turbulence values within the freestream and the OH line crossingpoint uncertainty equal to or better than 0.1 pixels. Under high-backpressure conditions the shocks in the cavity greatly modify the mean velocity profiles and greatly increase the rms velocity values. These measurements demonstrate the utility of the hydroxyl tagging method. Here, with only the addition of water to the flow, high-fidelity measurements of the velocity field of a high-speed flow above a recessed cavity are possible. Difficulties encountered with particle-based methods-especially in recirculation regions around high-speed core flows-are obviated with this approach. Future work will explore in detail approaches to making measurements in reacting cavities (with high-speed cross flows) and the use of a greater number of grids (e.g., 10 ϫ 10 and 12 ϫ 12) to increase the vector density. 
